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Mathematical models are becoming increasingly integrated with experimental
efforts in the study of biological systems. Collective cell migration in develop-
mental biology is a particularly fruitful application area for the development
of theoretical models to predict the behaviour of complex multicellular
systems with many interacting parts. In this context, mathematical models pro-
vide a tool to assess the consistency of experimental observations with testable
mechanistic hypotheses. In this review, we showcase examples from recent
years of multidisciplinary investigations of neural crest cell migration. The
neural crest model system has been used to study how collective migration of
cell populations is shaped by cell–cell interactions, cell–environmental inter-
actions and heterogeneity between cells. The wide range of emergent
behaviours exhibited by neural crest cells in different embryonal locations and
indifferent organismshelpsus chart out the spectrumof collective cellmigration.
At the same time, this diversity inmigratory characteristics highlights the need to
reconcile or unify the array of currently hypothesized mechanisms through the
next generation of experimental data and generalized theoretical descriptions.1. Introduction
Developmental biology strives to understand how a complex organism builds
itself from a single cell. Cell migration plays an important role in the develop-
ment of multicellular organisms, as it facilitates targeted bulk movement of
cells. This can take the form of a sheet of cells moving and deforming during,
for example, gastrulation, or cells migrating over long distances to their eventual
positions within the embryo as, for example, in neural crest cell migration. Thus,
the study of collective cell migration promises to provide a key to understand the
vastly different morphologies observed between closely related vertebrate
species. In addition, there is a translational motivation to unravel the mechanisms
of collective cell migration, for example to understand regulation in wound heal-
ing, when cells move to close a breach, and because severe consequences can
arise when cell migration is mistargeted, resulting in developmental defects [3],
or uncontrolled, as is the case in metastatic cancer [19].
The remarkable process of organismal development involves many interacting
parts, both at the molecular and cellular level, and the identity and organization of
these parts change over time as the embryo grows. This dynamic complexity, as
well as the ever-increasing availability of quantitative data, make developmental
biology fertile for interdisciplinary contributions. Collective cell migration in par-
ticular represents an opportunity for interdisciplinary approaches as it can exhibit
emergent, non-intuitive outcomes. Verbal reasoning and linear thinking often
cannot compute the outcome of many complex, generally nonlinear interactions.
Mathematical models, which are quantitative and logically rigorous represen-
tations of the conceptual models already present in the researcher’s mind, let us
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Figure 1. Conceptual drawing of the spectrum of collective cell migration. Differ-
ent morphologies of collective cell migration can be characterized by their
cohesiveness during migration (inversely related to density), as well as the
number of nearest neighbours with which a cell interacts while moving (i.e.
the topological arrangement of individual cells in the population). Cells (ellipses)
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2quickly probe many hypotheses for consistency with exper-
imental observations. Hypotheses generated from a
mathematical model often stem from a study of how the pre-
vailing model fails, and in this sense, mathematical models
are most useful not to show what can be, but to show what
cannot be. When this hypothesis generation and testing process
is integrated into an iterative predict–test–refine cycle, math-
ematical models and their computational implementations
help to accelerate biological discovery, and are thus becoming
another staple in the suite of tools available to researchers in
biology, along side animal, in vitro and verbal models.
In this review, we first consider the minimal (theoretical)
requirements for movement of cell populations and the
characteristics of collective migration. Then, we showcase
the interplay of theory and experiment through specific
examples of collective cell migration, focusing on the neural
crest as a cell population with a wide range of collective
migratory characteristics. We compare and contrast current
complementary hypotheses in the field, and discuss how gen-
eralized models may help us to understand these as
realizations of an overarching theory.can migrate in linear chains (top left), with persistent contact to cells either side of
them, or along trails formed by preceding cells (bottom left). In migrating sheets,
cells may maintain most of their nearest neighbours over time (top right), whereas
in streaming migration cell–cell contacts occur at longer range and with poten-
tially frequent neighbour rearrangement (bottom right). These concepts easily
extend to three-dimensional migration, in which case the place of migrating
sheets can be taken by moving clusters or spheroids.2. Collective cell migration
To begin with the basics, let us consider the minimal theoretical
requirements for the collective movement of cell populations.
At an abstract level, these are a global displacement of the cell
population and local interactions between cells to correlate
their movement, and to mediate cohesion and dispersal.
A third ingredient, interactions between cells and their environ-
ment, is also required for basic motility. These interactions
may also influence the population behaviour, for example
through directional signals, or the boundary (outer surface) of
the environment within which the cells are moving may be
impermeable, thus confining the cells to stay within the
domain. Thus, collective motion of cells is characterized by a
display of coordination of movement at the tissue scale,
which emerges from local interactions between individual
cells and their environment. Such self-organization is familiar
from the collective behaviour of groups of animals [85],
although the interactions of cells are restricted to amore limited
variety of sensory modalities.
2.1. Neural crest as a model system for collective cell
migration
A remarkable example of long-distance, coordinated,
directed migration of eukaryotic cells is found in the neural
crest. Neural crest cells are an important migratory popu-
lation of cells in vertebrate embryonal development. They
emerge and migrate away from the dorsal neural tube, a
structure that develops into the brain and spinal cord, in a
head-to-tail manner. Neural crest cells are sculpted into dis-
crete streams that follow stereotypical pathways [35]. As
multipotent cells, neural crest cells contribute to a variety of
tissues in different parts of the body, such as the peripheral
nervous system, structures in the head and heart, and many
others [32,42]. The neural crest serves as a model system to
study sheet, chain and streaming cell migration (figure 1),
and is thus particularly useful for advancing our understand-
ing of the spectrum of collective cell migration. Our own
recent efforts have investigated the effect of populationheterogeneity on collective migration [49,50], as well as the
plasticity versus predetermination of cell states and
migratory routes [51].
Diseases associated with defects in neural crest cell biology
are known as neurocristopathies [3]. Neurocristopathic malfor-
mations include cleft lip, unusual pigmentation and abnormal
ear development [80], as well as conditions such as Hirsch-
sprung’s disease, which is a lack of nerves in part of the gut
[40,41]. Understanding the mechanisms of neural crest cell
motility and guidance can aid in developing preventative
and restorative treatments of neurocristopathies. The neural
crest also provides a potential model system to study cancer
metastasis. The neural crest lineage is the origin of the cancers
melanoma and neuroblastoma, and their metastatic invasion
may resemble the migratory characteristics of embryonic
neural crest cells. When metastatic melanoma cells are trans-
planted into the neural crest microenvironment in the
developing chick embryo, they do not form tumours, and
some of the transplanted melanoma cells migrate along the
host neural crest’s path and into target tissues in the head
and trunk [2,22,36]. Thus, understanding neural crest cell
behaviour may not only shed light on the migratory character-
istics of the metastatic phenotype of cancer cells, but also the
mechanisms underlying its plasticity, as controlled by the
embryonic microenvironment. Understanding these mechan-
isms holds the potential to develop strategies to revert the
metastatic phenotype and reprogramme cancer cells [22,38].
Static cell labelling and dynamic in vivo imaging studies
have shed light on neural crest migratory patterns across a
wide variety of vertebrate embryo model systems. Early tra-
cing studies that mapped cell positions over time in embryo
models such as the chick [70,86], mouse [69,71], zebrafish
Box 1. Multicellular streaming.
Some migratory groups of cells, for example chick cranial neural crest cells, are made up of individuals that autonomously
control their motility, yet nevertheless rely on cell–cell contacts for group navigation. This type of migration has been termed
loose (as opposed to cohesive) collective cell migration [66] as well as multicellular streaming [19]. Multicellular streaming has
not been consistently classified as collective migration in the literature, which typically focuses on the movement of confluent
sheets, persistent chains and cohesive spheroids. We, and others [66], argue that multicellular streaming can be considered
collective in the wider sense of collective behaviour of individual agents, as studied in many other systems [85], and should
therefore be included in the definition of collective cell migration.
fixed gradient cell-induced gradient
x
c
Figure 2. Schematic of chemotaxis of a cell up a fixed (left, blue) and cell-
induced, or self-generated, gradient (right, green) of chemoattractant. Lines
show the concentration (c) of chemoattractant along space (x), in which cells
(ellipses) migrate. Darker shapes illustrate successive time-points.
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3[67], Xenopus [31] and axolotl [44] confirmed many spatio-
temporal similarities of the neural crest migration pattern.
In more recent years, in vivo time-lapse analyses have
revealed an exciting variety in individual and group neural
crest cell behaviours that are dependent on extracellular
influences. These cell behaviours include migration in
multicellular streams and chain-like arrays [34,89] with long
filopodial protrusions during cell-to-cell contact [33,47,92],
sheet migration [1], proliferation [53,64,74] and contact inhi-
bition of locomotion (CiL) [5]. Advances in using lipophilic
dyes in lamprey [58], snake [62] and turtle [7] have shown
similarities to the overall neural crest migratory pattern, but
some subtle differences exist in the timing of migration of
different neural crest cell subpopulations. Thus, current and
emerging data on neural crest migratory patterns in a large
number of vertebrate embryo model systems can be exploited
to better understand underlying cell migration and pattern-
ing mechanisms.
It is important to note that the characteristics of migration
differ between neural crest cells at different axial levels in one
embryo. For example, chick neural cells that emerge from the
third to the fifth rhombomeres (r, mid-r3 to mid-r5) form
into a stream adjacent to r4 in a loose arrangement, with fre-
quent contact through filopodial extensions but non-constant
neighbour relationships [78] (box 1). At the level of r1 and r7
[34], as well as in the trunk of the chick embryo [26],
migration may proceed in linear chains. Whether there are
universal mechanisms underlying this variety of behaviour
is subject to ongoing research, and unified theories of
neural crest migration across different model organisms
remain the subject of future work.3. Guidance mechanisms
Moving a group of cells from one place to another requires
either global directional signals, to which each cell responds
individually (though the overall response can differ from the
sum of individual responses), or local signals that translate
to a population response through interactions between cells.
These signals come in a variety of modalities, such as chemical
[73], mechanical [84] or electrical [46]. A simple and often
studied guidance mechanism of cell migration is chemotaxis
up or down a gradient of an attractive or repulsive cue
(figure 2). In bacterial chemotaxis, for example, this cue
might be provided by the naturally occurring distribution of
food or toxins. In the development of complex eukaryotic
organisms, gradients of chemicals known as morphogens are
thought to direct growth, movement and differentiation [65].
Morphogen gradients are often thought of as pre-existing,
requiring additional mechanisms to establish them prior tomigration, and many such mechanisms are known or hypoth-
esized [55]. An alternative concept to guidance through fixed
gradients is the dynamic interpretation and generation of
gradient signals during migration.3.1. Cell-induced gradients with leader– follower
heterogeneity
In the absence of a pre-established gradient of chemo-
attractant to guide migration (e.g. if a cue is uniformly
distributed), an alternative guidance mechanism is provided
by the cell-induced (or self-generated) gradient hypothesis
(figure 2) [32,49,76]. In this model, cells bind and internalize
the attractive cue. Through this local consumption of che-
moattractant, a gradient is created that the cells can follow.
If the induced gradient is locally symmetric around a cell,
then breaking of the symmetry is required to initiate
migration. The symmetry in the local chemoattractant gradi-
ent can be broken in a number of ways, for example by the
initial velocity of the cells, or by cells entering the migratory
domain from one side. The cell-induced gradient mechanism
may cease to work in cases where chemoattractant diffusion
is fast enough (or chemoattractant consumption low
enough) to flatten out the chemoattractant profile before
cells can sense and respond to a local gradient. Cell-induced
gradient migration in developmental biology has been
studied in the zebrafish lateral line primordium [76] and
chick cranial neural crest [32,49,50]. In cancer, locally created
chemotactic gradients have also been suggested to drive the
dispersal of metastatic melanoma cells [54].
Another alternative to chemotaxis along pre-existing
chemoattractant gradients is starvation-driven dispersal, in
which cells move randomly but increase their speed when a rel-
evant chemical resource is low. Models of starvation-driven
Box 2. Heterogeneity versus parsimony.
A physicist, mathematician or biologist may wonder: ‘Why do we need leader and follower cells? We know that collective
behaviour can arise from identical agents, which is simpler.’ This is a valid concern. However, nature has not necessarily
found the ‘simplest’ (most parsimonious) solution for every instance of collective cell migration. Evidence in the literature
clearly shows clues to functional population heterogeneity. These observed differences between cell properties and behaviour
could be an artefact of finitely sized systems, or a consequence of confinement. For example, proliferative ‘superstars’ in front-
driven neural crest cell migration have been argued to necessarily arise through competitive growth in a confined
environment [75]. This line of thought would lead us to consider that cells are identical, and the observed heterogeneity
is really a result of dynamic responses to local differences in the environment. In our view, this distinction is largely semantic,
and the above perspective very much compatible with the use of the terms ‘leaders’ and ‘followers’ as useful descriptors of
cell migratory states. In combination with single cell genetic profiling, mathematical models can help to determine whether
these descriptors are best thought of as discrete states or continuously varying. In addition, there is untapped potential to
translate concepts and methods from the study of animal collective behaviour [12,56]. As an example, automated statistical
analysis of cell-tracking data [72] can help us determine leading cells through temporal cross-correlation [56] or information
theoretic measures [63]. Even between independently migrating cells, however, a certain degree of correlation is to be
expected by chance, and therefore any statistical approach to detect leading cells needs to be compared with the appropriate
null hypothesis, such as all cells behaving identically but with a certain amount of intrinsic noise.
Box 3. Contact inhibition of locomotion and volume exclusion.
When considering the effects, such as CiL, that one cell has on another cell’s movement, we can define a spectrum from repul-
sive to volume-excluding interactions (figure 3). Repulsive interactions imply adopting a direction of movement that is biased
away from the point of contact with another cell, while exclusion allows movement into any nearby space that is unoccupied
by other cells. In the case where the direction of movement after a cell–cell encounter is chosen uniformly from the unoccu-
pied space, that is, as the bias away from the point of contact goes to zero, a CiL-like mechanism may become
indistinguishable (at the population scale) from the purely physical phenomenon of volume exclusion (the fact that
two cells cannot occupy the same space). The importance of volume exclusion in cell migration has been studied by deriving
continuum descriptions of moving cell populations [16], including the effects of different types of volume exclusion [17], such
as when in the movement a cell stops owing to the sensing of another cell. The difference in outcome between repulsive CiL
and directionally unbiased volume exclusion has been studied in simulations of haemocyte dispersal [13], where volume
exclusion fails to produce the periodic patterning that results from dispersal through repulsive CiL. Similar computational
experiments have not been carried out in models of neural crest-cell-directed migration. This presents a promising avenue
for future work to generalize complementary descriptions of collective cell migration in different model organisms (such
as chick, Xenopus and zebrafish), and to investigate whether we can distinguish between CiL and volume exclusion from
currently available in vivo data on neural crest cell migration.
x
t
repulsive exclusion
Figure 3. Schematic of the spectrum of cell– cell interactions, from repulsive interactions (left, blue) to volume exclusion (right, green). With repulsive inter-
actions, cells move away from the point of contact with another cell (second cell shown as stationary for simplicity). With volume exclusion, cells block each other’s
movement, but can move to any space not occupied by another cell.
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5dispersal [91] have been shown to give similar results to classic
models of chemotaxis [27,28]. In eukaryotic cell populations,
we are unaware of cases where the differences in cell speeds
are as large as those required by the starvation-driven dispersal
mechanism.
In many systems exhibiting collective cell migration, a
degree of functional population heterogeneity can be observed,
a common example being the distinction between leader and
follower states with ‘a clear division of labour’ [66]: leader
cells read out directional information (e.g. from environmental
signals), whereas follower cells instead obtain their directional
cues from the leader cells, through secreted signals, mechanical
sensing, pulling or tracks in the extracellular matrix (ECM) [68],
for example. In principle, these differences between cells could
be pre-specified, emerge from intercellular interactions, or be
induced by signals in the tissue environment. Evidence for
leader–follower heterogeneity can be found, for example, in
angiogenesis (tip and stalk cells), zebrafish lateral line primor-
dium [76], Drosophila border cells [24] and chick cranial neural
crest cells [49]. Another recent example is that of neutrophils
guiding T-cells using ‘breadcrumb’-like trails of chemokine
[43]. For a review on this topic, see Khalil & Friedl [30], who
discuss a range of leader cell morphologies and mechanisms
of induction.
In the chick cranial neural crest system, vascular endo-
thelial growth factor (VEGF) has been shown to act as a
chemoattractant in vitro and in vivo, and is hypothesized to
guide cells through a cell-induced gradient. VEGF is expressed
in the ectoderm of branchial arch 2 (ba2), overlying the neural
crest migratory route [52]. The expression of VEGF has been
observed to be spatially uniform in the tissue up to the entrance
of ba2, so there does not seem to be a pre-existing gradient prior
to cranial neural crest cell migration [52]. There is emerging evi-
dence that cell-induced migration is also employed by cardiac
neural crest cells, where the role of VEGF is instead played by
stromal cell-derived factor 1 (SDF1) (reviewed in [37]).
A mathematical model of chick cranial neural crest
migration [49,50] was used to test the hypothesis arising
from the aforementioned verbal model: VEGF is produced by
the overlying ectoderm, cells emerge into the domain and,
consuming the VEGF, create a gradient up which they move.
This is a very seductive model, but when translated into a
mathematical framework, it was shown that it could not reca-
pitulate observed behaviours. Simulations showed that a single
cell type responding to a gradient could not reliably migrate as
a stream, as trailing cells can get stuck in a region of depleted
chemoattractant. Importantly, this model also demonstrated
that random movement (at the speeds measured in vivo) is
insufficiently fast for invasion of the tissue on the relevant
time scales, as cells would not migrate very far, even on a
growing domain. The simulation framework was then used
to test the hypothesis that cells at the front are leaders, respond-
ing chemotactically to VEGF, whereas the cells at the back are
followers, responding to the leaders. This modified set-up
allowed simulation of successful streaming migration, leading
to the prediction of heterogeneity between the front and back
of the neural crest population, which was validated by the
experimental model. For this proof-of-principle result, the
contingent of leaders made up the front 30% of the stream.
Further refinement of both the mathematical model and
the gene expression profiling revealed that the group of
cells in a leader state may be restricted to the ‘trailblazing’
cells at the most distal invasive front of the neural crestmigratory stream [50]. Refining the mathematical model in
line with current experimental evidence [49,50] made it pos-
sible to predict that streaming migration in a cell-induced
gradient can be more efficient with fewer leader cells [50].
This guided single cell gene expression profiling experiments
to identify a molecular signature of cells in the leader state,
which are narrowly confined to the invasive front and
which we thus termed ‘trailblazers’ [50]. When a single tran-
scription factor upstream of several genes in this trailblazer
signature was overexpressed in neural crest cells in vivo, the
migration defect was just as predicted by the mathematical
model when a larger number of leader cells was distributed
throughout the stream (rather than only located an the inva-
sive front): cells migrated just as far as in the unperturbed
case, but at reduced population density. In addition, the
mathematical and in vivo models were used to investigate
how a leader cell state may be induced by the presence of
VEGF (or a VEGF gradient), which revealed that the in vitro
model was not representative of the in vivo heterogeneity of
gene expression [51]. Finally, in vivo experimental knock-
down1 [77] of VEGF signalling that was targeted to trailing
cells showed no effect on their migration, supporting the
hypothesis that trailing cells receive guidance information
from leading cells or other signals [51].3.2. Contact inhibition of locomotion and local
attraction
A complementary mechanism to guidance through chemical
gradients is the combination of CiL and co-attraction (CoA)
[6]. In this mechanism, group cohesion is provided by the
balance of repulsion and attraction between cells. CiL pro-
motes dispersal, whereas CoA balances the dispersion that
would otherwise result from CiL alone. This mechanism
can be thought of as an effective potential resulting in repul-
sion at short range and attraction at intermediate ranges,
leading overall to the cohesive (and potentially persistent)
but undirected collective motion of a group of actively
moving cells. Directionality of the overall migration can be
provided by confinement or directional signals, such as che-
moattractant gradients. Together, CiL and CoA have been
suggested as a general mechanism for collective neural crest
cell migration. Evidence for this has been found in Xenopus
and zebrafish, where cranial neural crest cells acquire polariz-
ation through inhibition of membrane protrusions at
intercellular contact sites, in combination with promotion of
protrusions at free edges [79], which are thought to be stabil-
ized and amplified through SDF1 [80]. In the Xenopus system,
CoA is mediated by the peptide Ca3 and its receptor Ca3R,
which are expressed by migrating neural crest cells [60].
The role of CiL with CoA has been explored in compu-
tational models integrated with experiments using the
Xenopus neural crest system [6,87]. Using a force-based
model of cell movement, a balance of attractive (CoA) and
repulsive forces (CiL) was found to promote cohesive move-
ment of a group of agents, whereas CoA alone led to
aggregation, and CiL by itself resulted in dispersal. The simu-
lated migration can be persistent, yet overall directionality
has to be given (as in other systems) by a directional signal
or confinement, for example through restrictive boundary
conditions on the computational domain.
rsob.royalsocietypublishing.org
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6While CiL paired with CoA creates a mechanism for group
cohesion and alignment ofmotion between cells, it still requires
an overall directional signal to enable long-range navigation in
the embryo, such as a chemoattractant gradient. It is therefore
not mutually exclusive with the cell-induced gradient model
[49]. In the context of the cranial neural crest inXenopus, Theve-
neau et al. [81] propose a ‘chase-and-run’ hypothesis, in which
neural crest cells are attracted to placode cells via SDF1, and
placode cells are repulsed on contact through planar cell
polarity (PCP) and N-cadherin signalling. While this mechan-
ism has yet to be observed in other neural crest model systems,
it suggests further studies that simultaneously visualize neural
crest–placodal interactions. In contrast, placode assembly in
chicks may be independent of interactions with the neural
crest [81], and studies later in development suggest that
neural crest cells then guide (rather than repel) neuron
growth from placodes [18].
Whether CiL is relevant for the collective migration of cra-
nial neural crest in other model systems remains to be
confirmed. Chick neural crest cells have been observed to
move in the same direction as each other following contact
[78], suggesting contact guidance rather than contact inhibition,
though this could conceivably be a function of cell density.
Local attraction between cells through secreted factors may
play a role in other neural crest systems, but the corresponding
molecules have not yet been identified. Further differences in
neural crest migratory mechanisms between different organ-
isms are still being discovered. For example, PCP signalling,
which is involved in CiL, is required for neural crest cell
migration in Xenopus and zebrafish [5], but not in mice [61], at
least for the particular class of PCP tested. While the prospect
of universal guidance mechanisms for neural crest cells in all
vertebrates is enticing, we must acknowledge and appreciate
the differences between biological model systems.
3.3. Proliferation-driven colonization
Instead of directed migration, colonization of tissue can also be
driven through proliferative expansion, in which cell fronts
advance through increased division of cells at the free edge of
the cell population, filling in the space adjacent to the population
through division rather than directed motion. In concert with
spatial confinement, frontal expansion can provide a direction
and thus facilitate invasion. Evidence for proliferation-driven
colonization is found, for example, in the mouse gut, where
enteric neural crest cells (for a dedicated review of experiments
and models of enteric neural crest migration, see [57]) at the
migrating front have higher proliferation rates than the rest of
the population [41,74], which is hypothesized to accelerate the
otherwise undirected migration in the absence of long-range
directional cues. Evidence from experiments and simulations
for a subgroup of more proliferative cells, dubbed ‘superstars’
[9], has given rise to the hypothesis that heterogeneity between
cells may enhance this mode of collective cell migration, concep-
tually akin to the leader cell state in chick cranial neural crest
migration.However, it has been argued that onewill necessarily
discover over-represented lineages in scenarios of competitive
growthunderconfinement [75], raising thepossibility that popu-
lation heterogeneity in this context is an artefact resulting from a
selection process on a population of identical dividing cells. This
selection bias towards few lineages, its possible dependence on
the initial state of the system and the effects on patterning have
been further explored in recent studies of colonization of skinby melanocytes in mice [53]. This study also demonstrated the
ability of colonization through random movement and prolifer-
ation to give rise to chimeric patterns, such as stripes and spots,
typically associated with directed migration. This highlights the
potential of different guidance mechanisms to interact in the
spreadingof cell populations, and the need to carefully disentan-
gle the contribution of different mechanisms to effects such as
patterning. In chick cranial neural crest cells [39], there is evi-
dence for increased proliferation in the front portion of the
migrating stream, though further investigations showed that
proliferation may not come into play until cells reach their
target site, the branchial arches [64], and thus contribute little
to the invasive capabilities of the cell population.4. Discussion
In this review, we introduced minimal requirements for col-
lective cell migration, including directional signals, cell–cell
interactions and cell–environment interactions. Drawing on
examples from our own work and the related literature, we
illustrated how integration of mathematical modelling with
experiments has been used to increase our understanding
of the various mechanisms contributing to the guidance of
cell populations in the developing embryo. By definition,
collective cell migration concerns groups of cells that move
differently from individual cells of the same type. For the
purpose of this review, we have therefore not considered
populations of cells directed purely by global signals or
periodically arranged local signals (‘Ratchetaxis’ [4]), in
which the interactions of cells are negligible.
In our own work, we have mainly used a particular model-
ling approach inwhich cells are represented by discrete entities,
and the chemical signal ismodelled as a continuous field, deter-
mined by the solution of a partial differential equation. Such
models have the strength that they can easily incorporate
individual properties of cells and are computationally straight-
forward to implement. In the context of the neural crest, with
tens to hundreds of cells, such discrete cell-based models also
seem more biologically realistic than considering continuous
concentrations of cells. The weakness of this type of model
framework is the lack of rigorous mathematical theory that
would allow us to determine how the various assumptions
we make influence the resultant system behaviour (e.g. the
boundary conditions or initial conditions imposed). Similarly,
we cannot easily obtain analytical expressions on how robust
the results are to changes in parameter values. These two draw-
backs are less severe in our case, because the model is still
computationally cheap to run, enabling us to numerically
explore these properties in some depth. Deriving continuum
descriptions, in which cells are represented as densities,
would allow more analytically rigorous, global parameter
analysis and general classification of the model behaviour, but
at the cost of difficulty in including cell-level properties. Some
progress in this direction has been made [16,17].
While we have focused on theoretical contributions in this
review, let us once again emphasize that we advocate the use
of models integrated with (not instead of) experiments. It is
important to realize that the modelling approach should be
chosen appropriate to the question to be answered, and
thus different modelling approaches may be applied to
answer different questions, just as different experimental
systems and techniques are appropriate for different
rsob.royalsocietypublishing.org
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7investigations. The range of existing mathematical models of
collective migration illustrates how different modelling fra-
meworks are suitable for different experimental systems. In
our work [49–51], it was crucial to have off-lattice descrip-
tions (with cell positions not confined to a grid) of cell
migration to represent multicellular streaming (as opposed
to sheet or chain migration, for example). While neural crest
chain migration has been modelled using computationally
less extensive grid-based or on-lattice models [9,41,88],
streaming migration needs to be represented using off-lattice
models to capture realistic cell arrangements and migratory
morphologies (as chains and streams can be difficult to
distinguish on a lattice). Furthermore, we refrained from
studying continuum limits of these cell-level models, as the
small number of cells in a leader state strongly motivated a
discrete framework with control over individual cell num-
bers. To give a contrasting example, the migration of the
zebrafish lateral line primordium [15] has been modelled
both using hybrid [14] as well as continuum [76] approaches,
the latter of which is more appropriate than in the neural crest
owing to the epithelial nature of the lateral line primordium.
In biology, even the most successful mathematical
models are just ‘accurate descriptions of our pathetic think-
ing’ [21]. Mathematical models (and their computational
implementations) are basically logic machines that translate
hypotheses into consequences, and do so more consistently
and in more complex situations than verbal reasoning (or a
conceptual summary ‘model’ found at the end of many
papers). As such, models are just an extension of the thought
experiment, and while they enable quantitative precision,
they do not guarantee it. At the same time, even qualitative
insights from models can be useful, as long as we do not con-
fuse quantitative with logically rigorous (one may even argue
that there is no requirement for models to be realistic, as
long as they are useful), and bear in mind that models
cannot be better than the hypotheses they test.
In summary, there has been an increasing trend in biology
to focus on the collection of molecular-level data and detailed
intracellular mechanisms. While this strategy has resulted in
many successes, we suggest it may not be necessary, or even
advisable, to include all known biological detail in a theoretical
model. The result can be a system as complex as the real thing,
with no real understanding gained. Abstract models and
coarse-grained descriptions can help to distinguish the rel-
evant details from the coincidental. Another strength of
‘detail-independent’ models is that they can answer certain
questions despite a lack of knowledge of biological detail,
and thus guide and constrain the subsequent reductionist
refinement towards finding molecular mechanisms.
4.1. Outstanding biological questions and future
theoretical developments
There are several outstanding questions in our understanding of
themechanisms of collective cell migration.We now list some of
these questions and possible ways to tackle them as follows.
4.1.1. How do migrating cells interpret guidance signals in the
presence of multiple cues?
We have described examples of neural crest cell movements in
the presence of a single chemotactic cue, but there probablyexist multiple guidance signals within the neural crest micro-
environment that cells need to decode to decide in which
direction to travel. Fortunately, there are emerging techniques
that will allow us to visualize the presence of mRNA and
protein of multiple genes within both migrating cells and
their microenvironment. These techniques include fluor-
escence multiplex in situ hybridized chain reaction
technology [11] and RNAScope [20], which have been devel-
oped for use in zebrafish [20], mouse [23] and chick [50].
With these tools, it is now possible to visualize mRNA
expression levels of four to five genes in the same tissue,
which can be combined with immunohistochemistry to also
visualize protein expression levels. One can thus look forward
to being able to correlate the in vivo spatio-temporal expression
patterns of candidate signalling molecules with higher fidelity
than current traditional techniques offer. Once the presence or
absence of these candidate signalling molecules is determined,
we can begin to test the function of these molecules in a com-
binatorial manner, and integrate with suitably extended
mathematical models [59]. This should provide a better under-
standing of how an individual cell in a population makes a
decision to move in a particular direction in the presence of
multiple guidance signals.
4.1.2. How is guidance information transferred between cells
within the group?
We have described experimental evidence of the local secretion
of a chemokine to maintain neural crest cell cohesion [6] and
long filopodial protrusions to maintain cell communication
[78]. However, we often take for granted that our cells of interest
behave as if in a vacuum, without interaction with other cell
populations and the underlying substrate. To better understand
the transfer of guidance information between cells, we need to
clearly visualize the interactions between cells and their local
microenvironment (including other cells of the same or differ-
ent types, and ECM), which may be very dynamic. Newly
emerging imaging technologies may now provide a means to
better resolve individual cells and fine processes between cells
in vivo: lattice [10] and two-photon [29,45,82] light sheet
microscopy enable three-dimensional imaging of large biologi-
cal samples much faster and with higher resolution than
traditional point scanning light microscopy. When combined
with multicolour cell labelling, these tools will be able to
distinguish fast cell–cell and cell–substrate dynamics.
4.1.3. Is there a similar set of mechanisms that are altered to
produce distinct cell behaviours and patterns?
This is a complex puzzle offered by the wonderful diversity
of behaviours and migratory patterns, as displayed for
example by neural crest cells, throughout different regions
of the embryonic landscape and in different embryo model
systems. Alternatively, the different observed migratory pat-
terns between embryo model systems and axial levels may
be the result of very distinct biological mechanisms. This
offers a particularly challenging question that may be best
addressed by the close coordination of multiscale information
between model systems including time-lapse and molecular
data. As protocols are developed to use advanced imaging
tools on many embryo model systems, there is a better
chance to cross-analyse time-lapse and genomic datasets, at
the level of single cells, to look for patterns in cell trajectories
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8or gene expression that may be common from one species to
another during collective cell migration events.
4.1.4. Generalized models to disentangle multiple mechanisms
Advances in our understanding of themechanisms of collective
neural crest cell migration are likely to come from testing
the generality of different mechanisms and their interplay
at different locations in the body and in different model organ-
isms. Despite the range of evidence for complementary and
competing mechanisms for guidance of collective cell migra-
tion, we lack an integrated understanding of the interplay of
these mechanisms at the population scale. So far, dedicated
mathematical and computational models have demonstrated
success in case studies focused on particular in vitro and
in vivo experimental settings [6,49–51,53,76,87]. Looking
ahead, we think that generalized theoretical descriptions hold
the key to map out the spectrum of collective cell migration,
by demonstrating how we can combine and reconcile the
mechanisms discussed here in a unified framework.
Generalized frameworks may enable us to bridge previous
modelling efforts dedicated to particular experimental settings.
In the example of the neural crest, cell interactions in previous
work range from CiL to contact guidance, and we need
to understand how this is determined by cell density [84],
confinement [83], microenvironmental properties and the
dimensionality of the system. In addition, cell-produced
chemokines that facilitate cohesion have been identified in
some species [6], whereas in other systems, alternative mech-
anisms include communication of directional signals through
cytoplasmic transfer [48] and trails of breadcrumb-like chemo-
kine deposits [43], while modifications of ECM structure to
guide trailing cells may also be important [8]. Distinguishing
the effects of these different direct and indirect modes of
cell–cell communication on the collective migration using
mathematical models ought to be possible, but could run the
risk of producing similar collective migration behaviour for
large regions of parameter space. Thus, we suspect that math-
ematical and computational models will need to be more
strongly constrained by experimental data if we are to increase
their complexity to span the full range of currently debated
hypotheses. This will probably come in the form of trackingof all cells in a population in three dimensions, ideally comple-
mented by the live imaging of the distribution of chemical
signals.
To conclude, we suggest concrete examples of future
theoretical developments: a mathematical model could com-
pare the effects of volume exclusion with contact guidance
to those of CiL with CoA, for example, by varying the bias
in the direction of a cell’s movement. This bias could be
towards directions of increasing chemoattractant, as well as
towards neighbouring cells, while excluding directions that
would lead to overlap of cell bodies. A similar approach
has been taken recently by Irons et al. [25] to construct
agent-based lattice-free models of cell migration with chemo-
taxis and their corresponding continuum models. Another
form of contact guidance is when a cell induces a cell with
which it comes into contact to move away, an interaction
known as ‘pushing’ [90]. This can be thought of as an
asymmetric form of CiL, one which, based on experimental
observations, may be more appropriate than symmetric
repulsion for the study of multicellular streaming migration,
such as in the chick cranial neural crest. Mathematical models
could investigate the effect of follow-the-leader contact gui-
dance versus pushing in collective cell migration to shed
light on the directionality of communication between cells
in moving populations. These are just two of the many
ways in which generalized mathematical models could help
to increase our theoretical understanding of how constraints
and interactions identified shape collective cell migration in
development and disease.
Competing interests. We declare we have no competing interests.
Funding. L.J.S. thanks the UK’s Engineering and Physical Sciences
Research Council for funding through a Doctoral Prize award.
P.M.K. thanks the Stowers Institute for Medical Research for their
kind generosity and grant support from the National Institute of
Health (1R21NS092001-01).Endnote
1While our manuscript was under review, a related review article was
published by Szabo´ & Mayor [77], which unfortunately seems to have
missed this crucial piece of experimental evidence.References1. Alfandari D, Cousin H, Gaultier A, Hoffstrom BG,
DeSimone DW. 2003 Integrin a5b1 supports the
migration of Xenopus cranial neural crest on
fibronectin. Dev. Biol. 260, 449–464. (doi:10.1016/
S0012-1606(03)00277-X)
2. Bailey CM, Morrison JA, Kulesa PM. 2012 Melanoma
revives an embryonic migration program to promote
plasticity and invasion. Pigment Cell Melanoma Res.
25, 573–583. (doi:10.1111/j.1755-148X.2011.
01025.x)
3. Benish BM. 1975 The neurocristopathies: a unifying
concept of disease arising in neural crest
maldevelopment. Hum. Pathol. 6, 128.
4. Caballero D, Comelles J, Piel M, Voituriez R,
Riveline D. 2015 Ratchetaxis: long-range
directed cell migration by local cues. TrendsCell Biol. 25, 815–827. (doi:10.1016/j.tcb.2015.10.
009)
5. Carmona-Fontaine C, Matthews HK, Kuriyama S,
Moreno M, Dunn GA, Parsons M, Stern CD, Mayor R.
2008 Contact inhibition of locomotion in vivo
controls neural crest directional migration. Nature
456, 957–961. (doi:10.1038/nature07441)
6. Carmona-Fontaine C, Theveneau E, Tzekou A, Tada
M, Woods M, Page KM, Parsons M, Lambris JD,
Mayor R. 2011 Complement fragment C3a controls
mutual cell attraction during collective cell
migration. Dev. Cell 21, 1026–1037. (doi:10.1016/j.
devcel.2011.10.012)
7. Cebra-Thomas JA, Terrell A, Branyan K, Shah S, Rice
R, Gyi L, Yin M, Hu Y, Mangat G, Simonet J, Betters
E, Gilbert SF. 2013 Late-emigrating trunk neuralcrest cells in turtle embryos generate an
osteogenic ectomesenchyme in the plastron.
Dev. Dyn. 242, 1223–1235. (doi:10.1002/dvdy.
24018)
8. Chauviere A, Preziosi L, Byrne H. 2010 A model
of cell migration within the extracellular matrix
based on a phenotypic switching mechanism.
Math. Med. Biol. 27, 255–281. (doi:10.1093/
imammb/dqp021)
9. Cheeseman BL, Zhang D, Binder BJ, Newgreen DF,
Landman KA. 2014 Cell lineage tracing in the
developing enteric nervous system: superstars
revealed by experiment and simulation. J. R. Soc.
Interface 11, 20130815. (doi:10.1098/rsif.2013.0815)
10. Chen B-C et al. 2014 Lattice light-sheet microscopy:
Imaging molecules to embryos at high
rsob.royalsocietypublishing.org
Open
Biol.6:160056
9spatiotemporal resolution. Science 346, 1257998.
(doi:10.1126/science.1257998)
11. Choi HMT, Beck VA, Pierce NA. 2014 Multiplexed in
situ hybridization using hybridization chain reaction.
Zebrafish 11, 488–489. (doi:10.1089/zeb.
2014.1501)
12. Couzin ID, Krause J, Franks NR, Levin SA. 2005
Effective leadership and decision-making in animal
groups on the move. Nature 433, 513–516.
(doi:10.1038/nature03236)
13. Davis JR, Huang C-Y, Zanet J, Harrison S, Rosten E,
Cox S, Soong DY, Dunn GA, Stramer BM. 2012
Emergence of embryonic pattern through contact
inhibition of locomotion. Development 139,
4555–4560. (doi:10.1242/dev.082248)
14. Di Costanzo E, Natalini R, Preziosi L. 2015 A hybrid
mathematical model for self-organizing cell migration
in the zebrafish lateral line. J. Math. Biol. 71, 171–
214. (doi:10.1007/s00285-014-0812-9)
15. Dona´ E et al. 2013 Directional tissue migration
through a self-generated chemokine gradient.
Nature 503, 285–289. (doi:10.1038/nature12635)
16. Dyson L, Baker RE. 2015 The importance of
volume exclusion in modelling cellular migration.
J. Math. Biol. 71, 691–711. (doi:10.1007/s00285-
014-0829-0)
17. Dyson L, Maini PK, Baker RE. 2012 Macroscopic
limits of individual-based models for motile cell
populations with volume exclusion. Phys. Rev. E 86,
031903. (doi:10.1103/PhysRevE.86.031903)
18. Freter S, Fleenor SJ, Freter R, Liu KJ, Begbie J. 2013
Cranial neural crest cells form corridors prefiguring
sensory neuroblast migration. Development 140,
3595–3600. (doi:10.1242/dev.091033)
19. Friedl P, Locker J, Sahai E, Segall JE. 2012
Classifying collective cancer cell invasion. Nat. Cell
Biol. 14, 777–783. (doi:10.1038/ncb2548)
20. Gross-Thebing T, Paksa A, Raz E. 2014 Simultaneous
high-resolution detection of multiple transcripts
combined with localization of proteins in whole-
mount embryos. BMC Biol. 12, 55. (doi:10.1186/
s12915-014-0055-7)
21. Gunawardena J. 2014 Models in biology: ‘accurate
descriptions of our pathetic thinking’. BMC Biol. 12,
29. (doi:10.1186/1741-7007-12-29)
22. Hendrix MJC, Seftor EA, Seftor REB, Kasemeier-
Kulesa JC, Kulesa PM, Postovit L-M. 2007
Reprogramming metastatic tumour cells with
embryonic microenvironments. Nat. Rev. Cancer 7,
246–255. (doi:10.1038/nrc2108)
23. Huss D, Choi HMT, Readhead C, Fraser SE, Pierce NA,
Lansford R. 2015 Combinatorial analysis of mRNA
expression patterns in mouse embryos using
hybridization chain reaction. Cold Spring Harb.
Protoc. 2015, 259–268. (doi:10.1101/pdb.
prot083832)
24. Inaki M, Vishnu S, Cliffe A, Rørth P. 2012 Effective
guidance of collective migration based on
differences in cell states. Proc. Natl Acad.
Sci. USA 109, 2027–2032. (doi:10.1073/pnas.
1115260109)
25. Irons C, Plank MJ, Simpson MJ. 2016 Lattice-free
models of directed cell motility. Physica A: Stat.Mech. Appl. 442, 110–121. (doi:10.1016/j.physa.
2015.08.049)
26. Kasemeier-Kulesa JC, Morrison JA, Lefcort F, Kulesa
PM. 2015 TrkB/BDNF signalling patterns the
sympathetic nervous system. Nat. Commun. 6, 8281.
(doi:10.1038/ncomms9281)
27. Keller EF, Segel LA. 1971 Model for chemotaxis.
J. Theor. Biol. 30, 225–234. (doi:10.1016/0022-
5193(71)90050-6)
28. Keller EF, Segel LA. 1971 Traveling bands of
chemotactic bacteria: a theoretical analysis. J. Theor.
Biol. 30, 235–248. (doi:10.1016/0022-
5193(71)90051-8)
29. Keller PJ, Schmidt AD, Wittbrodt J, Stelzer EHK.
2011 Digital scanned laser light-sheet fluorescence
microscopy (DSLM) of zebrafish and Drosophila
embryonic development. Cold Spring Harb. Protoc.
6, 1235–1243. (doi:10.1101/pdb.prot065839)
30. Khalil AA, Friedl P. 2010 Determinants of leader
cells in collective cell migration. Integr. Biol. 2,
568–574. (doi:10.1039/c0ib00052c)
31. Krotoski DM, Fraser SE, Bronner-Fraser M. 1988
Mapping of neural crest pathways in Xenopus laevis
using inter- and intra-specific cell markers. Dev.
Biol. 127, 119–132. (doi:10.1016/0012-
1606(88)90194-7)
32. Kulesa PM, Bailey CM, Kasemeier-Kulesa JC,
McLennan R. 2010 Cranial neural crest migration:
new rules for an old road. Dev. Biol. 344, 543–554.
(doi:10.1016/j.ydbio.2010.04.010)
33. Kulesa PM, Ellies DL, Trainor PA. 2004 Comparative
analysis of neural crest cell death, migration, and
function during vertebrate embryogenesis. Dev. Dyn.
229, 14–29. (doi:10.1002/dvdy.10485)
34. Kulesa PM, Fraser SE. 1998 Neural crest cell
dynamics revealed by time-lapse video microscopy
of whole embryo chick explant cultures. Dev. Biol.
204, 327–344. (doi:10.1006/dbio.1998.9082)
35. Kulesa PM, Gammill LS. 2010 Neural crest
migration: patterns, phases and signals. Dev. Biol.
344, 566–568. (doi:10.1016/j.ydbio.2010.05.005)
36. Kulesa PM, Kasemeier-Kulesa JC, Teddy JM, Margaryan
NV, Seftor EA, Seftor REB, Hendrix MJC. 2006
Reprogramming metastatic melanoma cells to assume
a neural crest cell-like phenotype in an embryonic
microenvironment. Proc. Natl Acad. Sci. USA 103,
3752–3757. (doi:10.1073/pnas.0506977103)
37. Kulesa PM, McLennan R. 2015 Neural crest
migration: trailblazing ahead. F1000Prime Rep. 7,
1–7. (doi:10.12703/P7-02)
38. Kulesa PM, Morrison JA, Bailey CM. 2013 The neural
crest and cancer: a developmental spin on
melanoma. Cells Tissues Organs 198, 12–21.
(doi:10.1159/000348418)
39. Kulesa PM, Teddy JM, Stark DA, Smith SE,
McLennan R. 2008 Neural crest invasion is a
spatially-ordered progression into the head with
higher cell proliferation at the migratory front as
revealed by the photoactivatable protein, KikGR.
Dev. Biol. 316, 275–287. (doi:10.1016/j.ydbio.
2008.01.029)
40. Lake JI, Heuckeroth RO. 2013 Enteric nervous system
development: migration, differentiation, anddisease. Am. J. Physiol. Gastrointest. Liver Physiol.
305, G1–G4. (doi:10.1152/ajpgi.00452.2012)
41. Landman KA, Fernando AE, Zhang D, Newgreen DF.
2011 Building stable chains with motile agents:
Insights into the morphology of enteric neural crest
cell migration. J. Theor. Biol. 276, 250–268.
(doi:10.1016/j.jtbi.2011.01.043)
42. Le Douarin NM. 2004 Neural crest cell plasticity and
its limits. Development 131, 4637–4650. (doi:10.
1242/dev.01350)
43. Lim K, Hyun Y-M, Lambert-Emo K, Capece T, Bae S,
Miller R, Topham DJ, Kim M. 2015 Neutrophil trails
guide influenza-specific CD8þ T cells in the airways.
Science 349, aaa4352. (doi:10.1126/science.aaa4352)
44. Lo¨fberg J, Ahlfors K, Fa¨llstro¨m C. 1980 Neural crest
cell migration in relation to extracellular matrix
organization in the embryonic axolotl trunk. Dev.
Biol. 75, 148–167. (doi:10.1016/0012-1606
(80)90151-7)
45. Mahou P, Vermot J, Beaurepaire E, Supatto W. 2014
Multicolor two-photon light-sheet microscopy. Nat.
Methods 11, 600–601. (doi:10.1038/nmeth.2963)
46. McCaig CD, Rajnicek AM, Song B, Zhao M. 2005
Controlling cell behavior electrically: current views
and future potential. Physiol. Rev. 85, 943–978.
(doi:10.1152/physrev.00020.2004)
47. McGurk PD, Lovely CB, Eberhart JK. 2014 Analyzing
craniofacial morphogenesis in zebrafish using 4D
confocal microscopy. J. Visual Exp. 83, e51190.
(doi:10.3791/51190)
48. McKinney MC, Stark DA, Teddy JM, Kulesa PM. 2011
Neural crest cell communication involves an
exchange of cytoplasmic material through
cellular bridges revealed by photoconversion of
KikGR. Dev. Dyn. 240, 1391–1401. (doi:10.1002/
dvdy.22612)
49. McLennan R, Dyson L, Prather KW, Morrison JA,
Baker RE, Maini PK, Kulesa PM. 2012 Multiscale
mechanisms of cell migration during development:
theory and experiment. Development 139,
2935–2944. (doi:10.1242/dev.081471)
50. McLennan R, Schumacher LJ, Morrison JA, Teddy JM,
Ridenour DA, Box AC, Semerad CL, Li H, McDowell W,
Kay D, Maini PK, Baker RE, Kulesa PM. 2015 Neural
crest migration is driven by a few trailblazer cells with
a unique molecular signature narrowly confined to the
invasive front. Development 142, 2014–2025. (doi:10.
1242/dev.117507)
51. McLennan R, Schumacher LJ, Morrison JA, Teddy
JM, Ridenour DA, Box AC, Semerad CL, Li H,
McDowell W, Kay D, Maini PK, Baker RE, Kulesa PM.
2015 VEGF signals induce trailblazer cell identity
that drives neural crest migration. Dev. Biol. 407,
12–25. (doi:10.1016/j.ydbio.2015.08.011)
52. McLennan R, Teddy JM, Kasemeier-Kulesa JC,
Romine MH, Kulesa PM. 2010 Vascular endothelial
growth factor (VEGF) regulates cranial neural crest
migration in vivo. Dev. Biol. 339, 114–125. (doi:10.
1016/j.ydbio.2009.12.022)
53. Mort RL, Ross RJH, Hainey KJ, Harrison OJ, Keighren
MA, Landini G, Baker RE, Painter KJ, Jackson IJ,
Yates CA. 2016 Reconciling diverse mammalian
pigmentation patterns with a fundamental
rsob.royalsocietypublishing.org
Open
Biol.6:160056
10mathematical model. Nat. Commun. 7, 10288.
(doi:10.1038/ncomms10288)
54. Muinonen-Martin AJ et al. 2014 Melanoma cells
break down LPA to establish local gradients that
drive chemotactic dispersal. PLoS Biol. 12,
e1001966. (doi:10.1371/journal.pbio.1001966)
55. Mu¨ller P, Rogers KW, Yu SR, Brand M, Schier AF.
2013 Morphogen transport. Development 140,
1621–1638. (doi:10.1242/dev.083519)
56. Nagy M, Akos Z, Biro D, Vicsek T. 2010 Hierarchical
group dynamics in pigeon flocks. Nature 464,
890–893. (doi:10.1038/nature08891)
57. Newgreen DF, Dufour S, Howard MJ, Landman KA.
2013 Simple rules for a ‘simple’ nervous system?
Molecular and biomathematical approaches to
enteric nervous system formation and malformation.
Dev. Biol. 382, 305–319. (doi:10.1016/j.ydbio.
2013.06.029)
58. Nikitina N, Bronner-Fraser M, Sauka-Spengler T.
2009 DiI cell labeling in lamprey embryos. Cold
Spring Harb. Protoc. 4, 4–6. (doi:10.1101/pdb.
prot5124)
59. Painter KJ, Maini PK, Othmer HG. 2000
Development and applications of a model for
cellular response to multiple chemotactic cues.
J. Math. Biol. 41, 285–314. (doi:10.1007/
s002850000035)
60. Pollet N, Muncke N, Verbeek B, Li Y, Fenger U,
Delius H, Niehrs C. 2005 An atlas of differential
gene expression during early Xenopus
embryogenesis. Mech. Dev. 122, 365–439. (doi:10.
1016/j.mod.2004.11.009)
61. Pryor SE, Massa V, Savery D, Andre P, Yang Y,
Greene NDE, Copp AJ. 2014 Vangl-dependent planar
cell polarity signalling is not required for neural
crest migration in mammals. Development 141,
3153–3158. (doi:10.1242/dev.111427)
62. Reyes M, Zandberg K, Desmawati I, de Bellard ME.
2010 Emergence and migration of trunk neural crest
cells in a snake, the California Kingsnake
(Lampropeltis getula californiae). BMC Dev. Biol. 10,
52. (doi:10.1186/1471-213X-10-52)
63. Richardson TO, Perony N, Tessone CJ, Bousquet CAH,
Manser MB, Schweitzer F. 2013 Dynamical coupling
during collective animal motion. (doi:10.1371/
journal.pcbi.1002786)
64. Ridenour DA, McLennan R, Teddy JM, Semerad CL,
Haug JS, Kulesa PM. 2014 The neural crest cell cycle is
related to phases of migration in the head. Development
141, 1095–1103. (doi:10.1242/dev.098855)
65. Rogers KW, Schier AF. 2011 Morphogen gradients:
from generation to interpretation. Annu. Rev. Cell
Dev. Biol. 27, 377–407. (doi:10.1146/annurev-
cellbio-092910-154148)66. Rørth P. 2012 Fellow travellers: emergent properties
of collective cell migration. EMBO Rep. 13,
984–991. (doi:10.1038/embor.2012.149)
67. Schilling TF, Kimmel CB. 1994 Segment and cell
type lineage restrictions during pharyngeal arch
development in the zebrafish embryo. Development
120, 483–494.
68. Schlu¨ter DK, Ramis-Conde I, Chaplain MAJ. 2012
Computational modeling of single-cell migration: The
leading role of extracellular matrix fibers. Biophys. J.
103, 1141–1151. (doi:10.1016/j.bpj.2012.07.048)
69. Serbedzija G, Fraser S, Bronner-Fraser M. 1992 Vital
dye analysis of cranial neural crest cell migration in
the mouse embryo. Development 116, 297–307.
70. Serbedzija GN, Bronner-Fraser M, Fraser SE. 1989 A
vital dye analysis of the timing and pathways of
avian trunk neural crest cell migration. Development
106, 809–816.
71. Serbedzija GN, Fraser SE, Bronner-Fraser M. 1990
Pathways of trunk neural crest cell migration in the
mouse embryo as revealed by vital dye labelling.
Development 108, 605–612.
72. Sharma Y, Vargas DA, Pegoraro AF, Lepzelter D,
Weitz DA, Zaman MH. 2015 Collective motion of
mammalian cell cohorts in 3D. Integr. Biol. 7,
1526–1533. (doi:10.1039/C5IB00208G)
73. Shellard A, Mayor R. In press. Chemotaxis during
neural crest migration. Semin. Cell Dev. Biol. (doi:10.
1016/j.semcdb.2016.01.031)
74. Simpson MJ, Zhang DC, Mariani M, Landman KA,
Newgreen DF. 2007 Cell proliferation drives neural
crest cell invasion of the intestine. Dev. Biol. 302,
553–568. (doi:10.1016/j.ydbio.2006.10.017)
75. Smadbeck P, Stumpf MP. 2015 Coalescent models
for developmental biology and the spatio-temporal
dynamics of growing tissues. bioRxiv (doi:10.1101/
022251)
76. Streichan SJ, Valentin G, Gilmour D, Hufnagel L.
2011 Collective cell migration guided by
dynamically maintained gradients. Phys. Biol. 8,
045004. (doi:10.1088/1478-3975/8/4/045004)
77. Szabo´ A, Mayor R. 2016 Modelling collective cell
migration of neural crest. Curr. Opin. Cell Biol. 42,
22–28. (doi:10.1016/j.ceb.2016.03.023)
78. Teddy JM, Kulesa PM. 2004 In vivo evidence for
short-and long-range cell communication in cranial
neural crest cells. Development 131, 6141–6151.
(doi:10.1242/dev.01534)
79. Theveneau E, Marchant L, Kuriyama S, Gull M, Moepps
B, Parsons M, Mayor R. 2010 Collective chemotaxis
requires contact-dependent cell polarity. Dev. Cell 19,
39–53. (doi:10.1016/j.devcel.2010.06.012)
80. Theveneau E, Mayor R. 2011 Collective cell
migration of the cephalic neural crest: the art ofintegrating information. Genesis 49, 164–176.
(doi:10.1002/dvg.20700)
81. Theveneau E, Steventon B, Scarpa E, Garcia S, Trepat
X, Streit A, Mayor R. 2013 Chase-and-run between
adjacent cell populations promotes directional
collective migration. Nat. Cell Biol. 15, 1–12.
(doi:10.1038/ncb2772)
82. Truong TV, Supatto W, Koos DS, Choi JM, Fraser SE.
2011 Deep and fast live imaging with two-photon
scanned light-sheet microscopy. Nat. Methods 8,
160. (doi:10.1017/CBO9781107415324.004)
83. Vedula SRK, Leong MC, Lai TL, Hersen P, Kabla AJ,
Lim CT, Ladoux B. 2012 Emerging modes of
collective cell migration induced by geometrical
constraints. Proc. Natl Acad. Sci. USA 109, 12 974–
12 979. (doi:10.1073/pnas.1119313109)
84. Vedula SRK, Ravasio A, Lim CT, Ladoux B. 2013
Collective cell migration: a mechanistic perspective.
Physiology 28, 370–379. (doi:10.1152/physiol.
00033.2013)
85. Vicsek T, Zafeiris A. 2012 Collective motion.
Phys. Rep. 517, 71–140. (doi:10.1016/j.physrep.
2012.03.004)
86. Weston JA. 1963 A radioautographic analysis of the
migration and localization of trunk neural crest cells
in the chick. Dev. Biol. 6, 279–310. (doi:10.1016/
0012-1606(63)90016-2)
87. Woods ML, Carmona-Fontaine C, Barnes CP, Couzin
ID, Mayor R, Page KM. 2014 Directional collective
cell migration emerges as a property of cell
interactions. PLoS ONE 9, e104969. (doi:10.1371/
journal.pone.0104969)
88. Wynn ML, Kulesa PM, Schnell S. 2012
Computational modelling of cell chain migration
reveals mechanisms that sustain follow-the-leader
behaviour. J. R. Soc Interface 9, 1576–1588.
(doi:10.1098/rsif.2011.0726)
89. Wynn ML, Rupp P, Trainor PA, Schnell S, Kulesa PM.
2013 Follow-the-leader cell migration requires
biased cell-cell contact and local
microenvironmental signals. Phys. Biol. 10, 035003.
(doi:10.1088/1478-3975/10/3/035003)
90. Yates CA, Parker A, Baker RE. 2015 Incorporating
pushing in exclusion-process models of cell
migration. Phys. Rev. E 91, 1–12. (doi:10.1103/
PhysRevE.91.052711)
91. Yoon C, Kim Y-J. 2015 Bacterial chemotaxis without
gradient-sensing. J. Math. Biol. 70, 1359–1380.
(doi:10.1007/s00285-014-0790-y)
92. Young HM, Bergner AJ, Anderson RB, Enomoto H,
Milbrandt J, Newgreen DF, Whitington PM. 2004
Dynamics of neural crest-derived cell migration in
the embryonic mouse gut. Dev. Biol. 270, 455–
473. (doi:10.1016/j.ydbio.2004.03.015)
